Highly collimated monoenergetic target-surface electron acceleration in near-critical-density plasmas Optimized-quality monoenergetic target surface electron beams at MeV level with low normalized emittance (0.03p mm mrad) and high charge (30 pC) per shot have been obtained from 3 TW lasersolid interactions at a grazing incidence. The 2-Dimension particle-in-cell simulations suggest that electrons are wake-field accelerated in a large-scale, near-critical-density preplasma. It reveals that a bubble-like structure as an accelerating cavity appears in the near-critical-density plasma region and travels along the target surface. A bunch of electrons are pinched transversely and accelerated longitudinally by the wake field in the bubble. The outstanding normalized emittance and monochromaticity of such highly collimated surface electron beams could make it an ideal beam for fast ignition or may serve as an injector in traditional accelerators. V C 2015 AIP Publishing LLC.
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The investigation of the fast electron jets generated in laser-plasma interactions, which have been observed in a number of works, [1] [2] [3] [4] [5] [6] [7] [8] [9] has remained a hot topic in the fast ignition 10, 11 concept of the inertial confinement fusion (ICF). In these studies, the electron beams, emitted at an angle between laser specular and target normal direction, are caused by different well-established mechanisms, such as resonance absorption and vacuum heating. However, these electron beams suffer from large divergence angles and energy spectra that exhibit Maxwellian distributions. [12] [13] [14] [15] Although several groups have demonstrated a peaked spectrum for out-going electron bunches, 16, 17 disadvantages of these electron bunches (for instance, limited total charge and wide-band energy distribution) reduce the conversion efficiency from the driven laser energy to the electron energy deposited in the ignition center. The use of a reentrant cone target in ICF, which results in an enhancement in neutron yield by three orders of magnitude, 18, 19 provides an idea for employing oblique incidence techniques in laser-solid interactions to study the fast electron jet along the target surface. The beam quality of the target surface electrons (TSEs) has been improved experimentally by increasing the laser incident angle, enhancing the laser intensity, and varying the preplasma scale length. The significance of the prepulse was emphasized 20 by optimizing the underdense preplasma environment for the TSE generation. All these previous results revealed the surface-electron behavior along the inner cone. The quality of the generated TSE is, however, still far from optimal (e.g., large beam divergence angle and large spread in energy). On the other hand, previous theoretical approaches [21] [22] [23] [24] are only able to explain the mechanism that the preheated electrons are trapped by the strong selfgenerated electromagnetic field on the target surface and heated by the reflected laser field. However, these models cannot explain the extraordinarily small beam divergence angle and low energy spread of the highly collimated TSE beam. Therefore, a acceleration mechanism is required for clarifying the corresponding guiding and acceleration process during the laser-plasma interactions. Experimentally, in order to optimize the state-of-the-art TSE beam quality, the challenge is to produce an appropriate preplasma as an acceleration environment, such is crucial to produce highly collimated monoenergetic electron beams.
In this article, we present monoenergetic TSE beams with extraordinary low normalized emittance and large charge per shot from 3 TW laser-solid interactions at grazing incidence by optimizing the preplasma parameters in laserCu target interactions. This approach suggests a distinctive acceleration mechanism. A theoretical model is proposed to explain the experimentally observed TSE beam caused by the surface acceleration at about half MeV. 2-Dimensional (2D) particle-in-cell (PIC) simulations show that electrons are accelerated due to wake-field acceleration in the underdense preplasma.
The experiment was carried out by using a single-shot, 300 mJ Ti:sapphire laser working at a center wavelength of 800 nm. A schematic picture of the experimental layout is shown in Fig. 1 . After reflected by two mirrors M 1 and M 2 , the p-polarized laser pulse with duration s 0 ¼ 67 fs was focused to a spot of 7 lm (FWHM) by a f/3.5 off-axis parabolic (OAP) mirror, which is incident onto a flat Cu target (Dia. 50 mm Â 6 mm thick) at an angle of 72
. A prepulse with controlled intensity was applied 7 ns in advance of the a)
Author to whom correspondence should be addressed. Electronic mail: lmchen@iphy.ac.cn. main pulse to produce the uniform underdense preplasmas. In order to detect the spatial angular distribution of the emitted electron beams, a DRZ (Diagonal Radioactive Zone) phosphor plate with a Andor EMCCD (Electron-multiplying Charge Coupled Device) was installed at a distance of approximately 150 mm from the laser focus spot. An electron spectrometer (ES) with a 0.1 T magnetic field was set along the target-surface direction, approximately within 5 from the target surface, to measure the energy spectrum of the TSE beams. The electrons from 5 keV to 2 MeV are recorded by an image plate (IP) (Fujifilm BAS-SR 2025). 25 Additionally, a spectrometer (Ocean Optics) is used to detect the preplasma density by measuring the stimulated back Raman scattering (SBRS) in single-shot mode. 26, 27 Moreover, a single-photon-counting Xray CCD (PI LCX CCD) combined with a knife edge is used for measuring the preplasma scale. 28 First of all, we investigate quantitatively the characteristics of the generated preplasma, since an effective preplasma is crucial to produce the highly collimated TSE beam. To achieve an effective underdense preplasma, a prepulse with an adjustable intensity, which is 7 ns in advance of the main pulse is employed. Here, a clean main pulse with a minimum amount of ASE (Amplified spontaneous emission) is essential. Experimentally, the intensity ratio of the prepulse is optimized by tuning the delay time of the Pockel cell in the laser system in the range between 10 À3 and 10
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, while the consequent preplasma density and scale are varied and simultaneously monitored, as introduced in Fig. 1 . Accordingly, the preplasma scale can be obtained experimentally by measuring the distance of the X-ray source position coordinates between the case without prepulse and with prepulse at various intensity ratios. 28 In the optimal case for the collimated TSE observation where the intensity ratio is about 2.5 Â 10
À4
, the preplasma scale is measured to be about 100 lm. Correspondingly, the wavelength shift of the incident laser from the incident spectrum to the scattered spectrum of the SBRS is measured to be around 220 nm, as shown in Fig. 2 . Hence, the optimal preplasma density during the interactions is n e ¼ x Then, we start with the investigation of the highly collimated and reproducible TSE beams generation by variously optimizing the experimental parameters. We altered specifically the laser prepulse condition, especially the prepulse intensity ratio, to optimize the TSE beam quality. As mentioned above, at the optimized ratio between prepulse and main pulse intensities of around 2.5 Â 10 À4 for producing low-divergence TSE beam, underdense preplasma with a plasma density of about 0.1N c and a preplasma scale of about 100 lm is created. From the six successive example images in Fig. 3 with equivalent experimental condition (considering the laser intensity jitter in the range of 66%), we observed well concentrated and intense electron jets, which are propagating along the target surface. These electron beams are reproducibly generated with low divergence and good beam pointingstability. Since the detector is set around 15 cm away from the laser focus spot on the target, the beam size (FWHM) on the detector is measured to be at minimum 3 mm. Consequently, the divergence of the obtained TSE jets was calculated to be 17 we reduced the divergence angle by half while keeping the pointing stability to less than 618.
On the basis of the stable output of the TSE beams, we studied the corresponding electron energy spectrum, as seen in the inset of Fig. 4 , which is detected by a well-calibrated ES. Obviously, a monoenergetic electron bunch is generated and by analyzing the electron signals on the IP stripe, a main, narrow-band peak at 0.55 MeV is shown in Fig. 4 . The peak indicates that MeV monoenergetic TSE beams are obtained with a small energy spread of DE ¼ dE=E ¼ 0:028MeV=0:550MeV ¼ 5:0%. We calculate the total charge of the whole electron beam by integrating the electron number as a function of electron energy in the frame of the energy spectrum and the result is up to 30 pC per laser shot. Compared to the previous results, [17] [18] [19] [20] the energy spread is reduced by more than a factor of six while maintaining a sufficient total charge. Therefore, we are able to demonstrate that large scale near-critical density plasma environment is required for producing the optimized-quality monoenergetic TSE beam with low divergence. This result also provides a good guidance to the following numerical simulations.
In order to clarify the physical mechanism of our observed monoenergetic TSE bunches, generated with a small divergence, a numerical simulation was performed by using a 2D3V OOPIC code. 29 According to our experimental condition, we used a 70 fs, p-polarized Gaussian laser pulse with a 3.5 lm waist, incident at h ¼ 72 on a two-layer plasma, composed of a 9.5k thick plasma slab with a uniform density of 0.25Nc on top of a plasma wall with a critical density, where k and Nc denote the laser wavelength and critical density, respectively. Here, we assume that the plasma is uniform and underdense after a 7 ns expansion in an ionacoustic velocity. Laser pulses are partially reflected at a certain plasma density (the turning point), given by N ¼ c Â cos 2 h Â N c . Taking into account the relativistic Lorenz factor c ¼ ð1 þ a 2 0 =2Þ 1=2 % 2:3, the turning point is at 0.23Nc for an incident angle of 72 . The applied laser intensity is given by the normalized vector potential a 0 ¼ eE=mxc % 3:0, considering the maximum electric field amplitude of the laser of 1.34 Â 10 13 V/m. Considering the density steepen effect, the grazing incident laser pulses reflect before reaching the critical density wall due to the strong ponderomotive force. Hence, the penetration depth is less than 4 lm. Figure  5 (b) shows a snapshot of the electric field distribution near the target surface during the laser-plasma interactions. While in the turning point most of the laser pulses are reflected by the plasma slab, as seen in Fig. 5(b) , only a part of the laser pulses remains in the plasma and continues propagating along the target surface due to the strong modulation by the self-generated electromagnetic field near the edge of the plasma. The peak electric field amplitude of the remaining pulses reaches 1.36 Â 10 13 V/m, which is even higher than the incident pulses, with the field potential a 0 ¼ eE=mxc % 3:4, where x denotes the laser frequency. The duration of the remaining pulses is estimated to be only about 10 fs. Thus, the ultra-short ultra-intense pulses push the plasma electrons away and a bubble like structure is formed, as shown in Fig. 5(a) , similar to the wake field acceleration 30 in laser-gas interactions. Fig. 5 (a) also shows clearly that several periods of plasma wave structures exist after the bubble, which are typical for the traditional wake field acceleration phenomena. The transverse radius of the "bubble" is approximately equal to one order of plasma wavelength k p ¼ 1.6 lm. Then, the bubble structure travels for about 20 lm before it collapses. As seen in Figs which is high enough to confine the electrons in a very small divergence, while the longitude electric field E // is to be 1.5 TV/m, which is one order of magnitude more intense than the wake field in gas plasma. 31 Thus, during this short period, the strong electromagnetic fields in the "bubble" trap the remaining bunch of electrons and accelerate them until the bubble collapses. This special distribution of the electric fields in the bubble structure could generate the monoenergetic electron beam effectively with a small divergence angle. The electron pulse duration is estimated to be about 15 fs judging from the longitudinal spatial size of the beam in Fig. 5(a) . The corresponding simulated energy spectrum, shown in Fig. 5(e) , exhibits a single peak at around 1.0 MeV, qualitatively consistent with the experimental results. Analogous to the wake field theory, 31 we propose an intuitive cartoon to elaborate the TSE acceleration process, shown in Fig. 5(f) . When relativistic laser pulses are incident at large angle to a large scale near critical density plasma, the ponderomotive force expels the electrons and creates a moving bubble with strong electric fields inside. Electrons with a certain energy are injected into the bubble and accelerated by the longitudinal electric field continuously. This process results in monoenergetic electron beams emission along the target surface with a small divergence angle.
As an injector in traditional accelerators, the quality of an electron beam is tightly related to the subsequent propagation of the bunch along the beam line, which is described by the normalized beam emittance. By using a typical extraction method, 32 the normalized emittance of our observed electron beams is estimated by an equation e ¼ c Â p Â r x r h , where the r x is the rms beam size and r h is estimated by the beam divergence angle. Here, the rms beam size is estimated as r x ¼ w 0 =8 with the laser waist w 0 experimentally. As we discussed above, the divergence angle of the TSE beam is measured to be 20 mrad, hence the normalized emittance is deduced to be 0.03 p mm mrad. We achieved an electron beam from solid target with a lower normalized emittance while maintained a high total charge (30 pC), compared to the previous results [32] [33] [34] [35] from gas. Considering the sufficiently high electron energy of the TSE beam, loss of the charges by the Coulomb repulsion during bunch propagation procedure could be ignored. Therefore, our TSE bunch is applicable for the next generation of optimized-quality injectors in traditional accelerators.
The highly collimated and monoenergetic TSE beam could also been applied in the ICF field. In the fast ignition concept, the key point is to deliver the ignition energy sufficiently to the fuel without unnecessary energy loss. Therefore, the energy gain in the process of the ignition needs to be optimized, including the energy conversion from the laser pulses to the fast electrons, electron transmission efficiency in the target, and energy deposition to the fuel core. Because of the tight collimation, high charge, and small energy spread, the TSE beam generated by using a conetarget is of great benefit for improving the efficiency in all three steps in the fast ignition concept. According to the previous simulation 10 on the required ignition energy, if one can produce the collimated electrons in the kinetic energy range from 0.5 to 1 MeV of the preimploded shell and consequently 10 11 neutrons, many orders of magnitude would be expected.
In summary, we demonstrate a acceleration mechanism for generating optimized-quality monoenergetic TSE beams with an extremely low normalized emittance of 0.03p mm mrad and large charge of 30 pC via a Cu bulk target irradiated by a few TW fs laser. The corresponding energy spectrum exhibited a single-energy peak at 0.55 MeV. The preplasma manipulation played a crucial role in stimulating the wake-field structure. 2D PIC simulation indicated that a bunch of electrons inside the bubble-like structure are accelerated by the wake field in a plasma with near-critical density. The time duration of the TSE beam was estimated to be 15 fs. Such a low normalized emittance, ultrashort duration, and MeV class monoenergetic electron beams could meet the requirements for applications in accelerators. In addition, this method can contribute to greatly improve the energy concentration at the ignition core by using a cone target to focus these highly collimated and monoenergetic beams in the fast ignition concept.
